Introduction
============

In the last 15 years, there has been an increasing interest in understanding the evolutionary aspects of language and human communication. Several comparative analyses have been aimed at identifying a phylogenetic continuity between the brain networks involved in language processing in humans, and neural circuits present in the non-human primate. At least two lines of research have become particularly influential in this regard. One of them has focused on the search for auditory--premotor circuits in the macaque monkey, by assuming homology with the human's language network based on cytoarchitectonic and connectivity criteria (Aboitiz and García, [@B4]; Petrides and Pandya, [@B136]). These findings are broadly consistent with those obtained through a comparative approach, which studies vocal learning in non-human species, particularly in songbirds, as both emphasize the development of auditory--vocal circuits as a crucial step in the acquisition of human language (Bolhuis et al., [@B25]; Berwick et al., [@B22]).

Another research program emerged somewhat unexpectedly from the study of grasping visuomotor neurons in the parietal and premotor cortex of the monkey, where the so-called "mirror neurons" were found to be activated both when executing an action and when observing this action (Di Pellegrino et al., [@B51]; Gallese et al., [@B67]; Rizzolatti et al., [@B148]). Based on these findings, Rizzolatti and Arbib ([@B147]) developed the hypothesis that the grasping mirror neuron system represented a scaffold from which language circuits emerged in the human. Mirror neurons are found in area F5 of the ventral premotor cortex, which has been proposed by some authors to be the homolog of Broca's area in the human (Rizzolatti and Craighero, [@B150]).

These two approaches have largely been considered alternative possibilities, and there has been little cross-talk between authors supporting each view; in addition some misunderstanding of each other's work has increased the difficulty of reaching some agreement or common view. While the gestural and mirror neuron perspective makes strong emphasis on the background conditions for the emergence of human language, it does not provide specific insights into how speech arose to become the predominant communication mode in our species. In this article I will discuss some of the evidence supporting both views, in order to propose an integrated perspective in which the evolution of human communication has been based on multimodal signals including facial, hand, and body gestures, together with vocalizations.

An Early Hypothesis of Monkey Homologies
========================================

Ancestry of the language circuits
---------------------------------

Several years ago, we presented a hypothesis for the evolutionary origin of the language networks, based on the hodological evidence available for the monkey at that time (Aboitiz and García, [@B4]; see also Aboitiz, [@B2]). Homologs to human areas 44 and 45 (corresponding to Broca's region) in the ventrolateral prefrontal cortex (VLPFC) had been already identified in the chimpanzee by Brodmann, and there has been no further debate about their correspondence (Sherwood et al., [@B166]; Schenker et al., [@B161]; Keller et al., [@B101]). However, in the macaque the situation was more difficult. At that time, only area 45 could be identified in this species, inside the inferior arcuate sulcus, between subareas 6v and 8Ar (Preuss and Goldman-Rakic, [@B140]). This region was viewed as a specialization of the premotor area 6v (area 6 ventralis), representing orofacial movements (Deacon, [@B50]; Preuss, [@B139]). On the other hand, area Tpt in the superior temporal lobe (which has been related to Wernicke's region by some authors) had been identified even in prosimians. This area was described as a multimodal zone receiving auditory and somatosensory projections from the temporal and parietal lobes, respectively (Galaburda and Sanides, [@B66]; Pandya and Yeterian, [@B125]; Preuss and Goldman-Rakic, [@B141]).

Nonetheless, evidence for an arcuate fasciculus connecting Broca's and Wernicke's areas, was difficult to find in the monkey. Area Tpt was found to send projections to areas 8 and 46 of the prefrontal cortex, but not to area 45 or to the ventral arcuate sulcus (Petrides and Pandya, [@B133]). On the basis of these findings, area Tpt was proposed to play a role in head-turning movements aimed at localizing sound sources (Pandya and Yeterian, [@B125]). The only superior temporal projections to the ventral arcuate sulcus originated from the secondary auditory area ProA (Petrides and Pandya, [@B133]). However, another study at that time described some temporal projections from the superior temporal gyrus and the superior temporal sulcus (STS), to the inferior post-arcuate and the pre-arcuate region (Deacon, [@B50]). On the other hand, area 45 was found to receive projections from the anterior inferior parietal area 7b, which also sends afferents to area 46 in the dorsolateral prefrontal cortex (Petrides and Pandya, [@B132]; Preuss and Goldman-Rakic, [@B142]; Seltzer and Pandya, [@B164]). Inside the intraparietal sulcus, area 7ip had been described as projecting to the dorsal and ventral aspects of the anterior arcuate sulcus (area 8), and to the posterior principal sulcus (area 46; Petrides and Pandya, [@B132]; Cavada and Goldman-Rakic, [@B42]; Preuss and Goldman-Rakic, [@B140],[@B141],[@B142]). Pandya and Yeterian ([@B125]) and Seltzer and Pandya ([@B163]) described connections between the middle superior temporal lobe and somatosensory parietal regions via the middle longitudinal fasciculus (MLF), whereas Cavada and Goldman-Rakic ([@B42]) reported projections from area 7ip to the posterior STS, and from areas 7b and 7a (the latter is posterior to 7b) to the superior bank of the STS. Finally, there is evidence for a projection from visual area TE in the inferior temporal lobe to the inferior arcuate sulcus, including area 45 (Bullier et al., [@B35]).

Tripartite input to broca's region
----------------------------------

Based on these descriptions, we proposed -- to our knowledge for the first time -- a model for the organization of the language circuits and their possible homologies in the monkey, which emphasized a more complex network than did previous models. A significant component of this model was the inclusion of an inferior parietal projection to Broca's area and a connection between Wernicke's region and the inferior parietal lobe (Aboitiz and García, [@B4]). This schema implied three main inputs to Broca's area: (i) a direct route running through the arcuate fasciculus; (ii) an indirect route from the posterior superior temporal lobe to the inferior parietal lobe, and from there to Broca's region; and (iii) projections from the anterior temporal lobe to Broca's area (although we proposed that these were mainly visual; Aboitiz and García, [@B4]). In human evolution, the direct projections from Wernicke's area to Broca's area via the arcuate fasciculus would have gained greater importance than in the monkey, in which no clear evidence for an arcuate fasciculus existed. Furthermore, at the time several imaging studies had shown a strong inferior parietal involvement in verbal working memory, especially in phonological storage tasks (for example, Paulesu et al., [@B127]; Awh et al., [@B15]; Salmon et al., [@B158]; see also Smith and Jonides, [@B167]), which was consistent with an inferior parietal input to Broca's region. These findings were in line with our hypothesis that working memory, particularly phonological working memory, was important for language acquisition in children (Baddeley et al., [@B17]) and also in early humans. Nonetheless, following Fuster ([@B65]), we also argued strongly that rather than there being specific memory-dedicated regions, short-term memory should be considered a property of the whole network involved in sensorimotor integration, which interacted intensively with other associated networks (Aboitiz and García, [@B4]; see also Aboitiz et al., [@B6],[@B7], [@B3]). In summary, we proposed that an expansion of working memory capacity was critically associated with the differentiation of the above mentioned language circuits, in the context of learning and processing complex phonological sequences that were acquired by imitation of conspecifics (Aboitiz and García, [@B4]).

New Evidence
============

Auditory projections in non-human primates
------------------------------------------

After our original publication, there has been a wealth of new evidence on the existence of temporal--parietal--prefrontal connections, both in the monkey and in the human. In the macaque, auditory projections separate into a dorsal and a ventral stream, running to the parietal lobe and to the anterior temporal lobe, respectively. This arrangement has been viewed as being analogous to the bipartite arrangement of the visual system, in which the dorsal pathway is involved in spatiotemporal signal processing and is related to eye movement control, whereas the ventral pathway relates to stimulus recognition and emotional processing (Kaas and Hackett, [@B100]).

In the macaque, the dorsal auditory pathway originates in posterior auditory areas in the superior temporal lobe and is directed mainly to dorsal prefrontal areas (areas 8 and 46, related to eye movement control). It is noteworthy that this pathway does not fit in an obvious manner into the language network, as it terminates preferentially in dorsal rather than ventral prefrontal regions (in the human, a dorsal prefrontal projection of the dorsal pathway has been also described; see Frey et al., [@B60]). On the other hand, the ventral stream originates in different areas of the anterior and middle temporal gyrus, and conveys visual and auditory inputs directed mainly to areas 12 and 45 of the VLPFC (Kaas and Hackett, [@B100]; Romanski et al., [@B154],[@B155]; Belin and Zatorre, [@B19]; Rauschecker and Tian, [@B143]; Romanski, [@B152]). Consistent with this evidence, other reports described an auditory domain in the macaque inferior frontal areas 12 and 45, in which vocalization-specific neurons were interspersed with facial-sensitive neurons, allowing for the integration of vocal auditory stimuli with the corresponding facial gestures (Romanski and Goldman-Rakic, [@B156]; Romanski et al., [@B153]; Romanski, [@B152]). Interestingly, this region was found to receive afferents from the anterior lateral belt auditory area (Rauschecker and Tian, [@B143]; Tian et al., [@B175]), which is preferentially activated by calls from conspecifics (Petkov et al., [@B130]).

Inferior parietal projections to the VLPFC of the macaque
---------------------------------------------------------

Petrides and Pandya ([@B134], [@B135]) subdivided the monkey area 45 into areas 45A and 45B, and identified a dysgranular area 44 in the depth of the inferior arcuate sulcus (Petrides et al., [@B131]). Stimulation of neurons in area 44 triggered orofacial movements and sometimes hand movements, but not ocular movements; oculomotor responses occurred only when area 8Av was stimulated, far from the 44--8Av border (Petrides et al., [@B131]). Furthermore, stimulation sites in the most ventral aspect of area 8Av and in the 45--8Av border did not elicit any motor response.

Before discussing in more detail the different reports and interpretations on connectivity of the inferior parietal lobe, it must be noted that the cytoarchitectonic parcellation of this region has not been consistent across studies. Whereas earlier studies adopted Brodmann's early description of area 7, subdividing it into areas 7b and 7a, and area 7ip inside the intraparietal sulcus (Petrides and Pandya, [@B132]; Preuss and Goldman-Rakic, [@B140],[@B141],[@B142]), more recent studies have used another parcellation scheme, defining area PF anteriorly (Brodmann's area 40, anterior supramarginal gyrus in the human), area PFG in the middle (area 39, posterior supramarginal gyrus in the human), and area PG posteriorly (area 39, angular gyrus in the human), with area anterior intraparietalis (AIP) inside the intraparietal sulcus (see Matelli et al., [@B118]; Frey et al., [@B60]; Petrides and Pandya, [@B136]; Gerbella et al., [@B76]).

Petrides and Pandya ([@B134], [@B135]) described area 45 as being connected with the posterior inferior parietal lobe, while area 44 was viewed as receiving projections from the intraparietal and anterior inferior parietal lobe. Subsequently, Petrides and Pandya ([@B136]) visualized a pattern of multiple afferents into areas 45A, 45B, and 44 from the inferior parietal and temporal regions. These projections consist of two main pathways: (i) axons running along the SLF into both areas 45 and 44, and which originate in the inferior parietal lobe (areas PFG and PG). Area PFG made a particularly strong projection into area 44. In addition, they described some axons from the ventral most inferior parietal lobe and the caudal STS, which formed an arcuate fasciculus, although this projection is not as prominent as it is in humans. Furthermore, there was a systematic relation between inferior parietal regions and the prefrontal regions to which they connected, with more rostral parts (area PF) connecting with the ventral premotor cortex (area 6 ventralis, controlling facial musculature), while intermediate regions of the inferior parietal lobe (area PFG) connected to area 44 and to a lesser extent to area 45. The second pathway (ii) consisted of multimodal axons running via the extreme capsule and uncinate fasciculus, originating in diverse auditory and visual cortical areas of the anterior and middle temporal lobe, and ending mainly in areas 45 and 47/12, but also to some extent in area 44. These authors argue that, in both the monkey and in the human, the ventral projection to the VLPFC has a role in the mechanisms of memory retrieval, while the dorsal route (arcuate and superior longitudinal fasciculi) is involved in the control of vocal articulation only in humans (see also Saur et al., [@B159]).

Tractographic studies in the human brain
----------------------------------------

Likewise, the advent of tractographic techniques in the living human yielded results consistent with the tripartite projection from the auditory regions into Broca's area that we originally described, with some modifications (Catani and ffytche, [@B41]; Parker et al., [@B126]; Friederici et al., [@B64]; Anwander et al., [@B11]; Frey et al., [@B60]; Glasser and Rilling, [@B78]; Friederici, [@B63]). Glasser and Rilling ([@B78]) reported a two-component arcuate fasciculus in the left hemisphere, one connecting the superior temporal gyrus with areas 6 and 44, which according to them subserves phonological information; and the other connecting the middle temporal gyrus with areas 9, 44, and 45, and proposed to be involved in lexical-semantic aspects. In the right hemisphere they visualized a less prominent fasciculus, connecting the middle temporal gyrus with areas 6 and 44, which was proposed to convey prosodic information. They also reported a very small tract connecting the superior temporal lobe with areas 6 and 44 in the right hemisphere. Likewise, Parker et al. ([@B126]) reported a strong asymmetry in the arcuate fasciculus, favoring the left hemisphere; a similar asymmetry was present in infants 1--4 months of age (Dubois et al., [@B52]). In a subsequent article, Rilling et al. ([@B145]) visualized a progressive development of the arcuate fasciculus from human to macaque to the chimpanzee, while the ventral pathway, via the anterior temporal lobe, has remained more conservative during evolution (Rilling et al., [@B145]).

Frey et al. ([@B60]) also described an arcuate fasciculus running from the posterior superior temporal gyrus to area 44 (in some cases to area 45; Figure [1](#F1){ref-type="fig"}). Note that the human arcuate fasciculus also projects to dorsal prefrontal areas 8 and 6, as in the monkey. However, the main focus of this report was on the inferior parietal and anterior temporal lobe projections to Broca's area. They found (i) a projection from the inferior parietal lobe (supramarginal gyrus) into area 44 via the SLF (in 10 of 12 subjects). The ventral posterior intraparietal region is claimed to receive auditory afferents from the superior temporal lobe via the middle and inferior longitudinal fasciculi, which might close a circuit from the posterior auditory cortex to area 44. In addition, they reported (ii) a ventral pathway connecting the anterior temporal areas with areas 47 and 45 via the extreme capsule and the uncinate fasciculus, as occurs in the monkey. This pathway has been described in other reports, and participates in the recognition of auditory stimuli including speech, identifying the speaker, mapping sound with meaning, verbal retrieval, echoic memory, and in simple grammatical processing (Buchsbaum et al., [@B33],[@B34]; Hickok and Poeppel, [@B90]; Saur et al., [@B159]). According to Hickok and Poeppel ([@B90]) the ventral pathway, unlike the dorsal stream, is represented bilaterally, being functional in both the left and right hemispheres. Recent evidence has shown that, instead of being separate pathways, the dorsal and the ventral streams operate synergistically during language processing (Lopez-Barroso et al., [@B113]; Rolheiser et al., [@B151]).

![**Diagram depicting the language-related circuit in humans, as proposed by Frey et al. ([@B60])**. The superior longitudinal fasciculus (SLF) connects inferior parietal areas PF with the ventral premotor cortex (area 6; green), while areas PFG and PG are connected with areas 44 and 45 (red). The arcuate fasciculus (AF) connects posterior superior temporal regions with areas 44 and 45 as well (red), but is difficult to separate from the inferior branch of the SLF. The middle longitudinal fasciculus (MLF, blue) connects the posterior superior temporal gyrus and sulcus (STG, STS) with inferoparietal regions PFG and PG. Finally, a ventral route running via the extreme capsule (ECF, yellow) connects the middle and anterior temporal lobe with areas 44 and 45. A similar circuit has been described for the monkey (Petrides and Pandya, [@B136]). Ang, angular gyrus; aSMG, anterior supramarginal gyrus; CS, central sulcus; IPS, intraparietal sulcus; MI, primary motor area; MTG, middle temporal gyrus; pSMG, posterior supramarginal gyrus; SI, primary somatosensory area. Based on Kelly et al. ([@B102]), with permission.](fnevo-04-00002-g001){#F1}

Despite the attractiveness of these studies, it is not entirely clear to what extent the tractographic evidence reveals a monosynaptic arcuate fasciculus, first because this technique lacks the resolution required to strongly confirm this possibility, and second, because this tract is difficult to separate from the adjacent SLF, which carries fibers from the parietal lobe. It must be also mentioned that Bernal and Altman ([@B21]) were unable to find a strong projection from the SLF or the arcuate fasciculus into Broca's region, finding instead a strong termination of these tracts in the ventral premotor and motor cortices. However, in this study the parietal site of origin of the SLF was insufficiently characterized, which undermines somewhat the authors' main conclusions.

The inferior parietal lobe and verbal working memory
----------------------------------------------------

There is now an important discussion about the role of different inferior parietal areas in verbal working memory, as the concept of a memory-dedicated, anatomically isolated component has been challenged by many studies (Hickok and Poeppel, [@B90]; Buchsbaum and D'Esposito, [@B32]; Hickok, [@B87]; see also Aboitiz et al., [@B6], [@B3]). More importantly, the only regions that have consistently shown sustained activation during verbal working memory tasks are the STS and the mid-superior temporal gyrus, especially an area located in the posterior planum temporale (area Spt; its relation to area Tpt is not yet clear; Buchsbaum et al., [@B33],[@B34]; Hickok and Poeppel, [@B90]; Hickok, [@B87]). In particular, area Spt is proposed to serve as an interface between sensory and motor representations during the maintenance of phonological items on line (Buchsbaum and D'Esposito, [@B32]; Buchsbaum et al., [@B31]). In this interpretation, the "phonological loop" is considered to include a sensory phonological processing system partly represented (bilaterally) by the STS, a sensory--motor integration system in the left Spt area, and a left frontal articulatory system (Hickok, [@B87]). These authors interpret the role of the inferior parietal lobe as serving some higher-order functions that support verbal working memory. One possibility is that these regions participate in motor planning mechanisms that help stabilize perceptual memory traces (see below).

The Phonological Loop: A Key Innovation
=======================================

Phonological circuits and working memory
----------------------------------------

In subsequent reports, we emphasized the role of phonological working memory, supported by the development of a phonological sensory motor circuit (the phonological loop) in early humans, as a crucial element in early language and human evolution (Aboitiz et al., [@B8], [@B3]). The ability to rehearse and keep newly learned phonological sequences in short-term memory became an inflection point that changed human sociality forever, being a fundamental factor in the evolution of complex language and culture. This "inner speech" capacity also allowed the elaboration of new and more complex messages by manipulating the phonemes being learned. Furthermore, we argued that this circuit was largely, although not exclusively, based on the strengthening of the dorsal pathway connecting Wernicke's and Broca's areas (including the direct projection via the arcuate fasciculus and the indirect one via the inferior parietal lobe), while the ventral pathway running via the extreme or external capsule had been more conservative in evolution (although not static; see below), being the dominant pathway for vocalization processing in the monkey (Aboitiz et al., [@B6], [@B3]).

Syntax
------

We also claimed that the origin of a complex syntax based on long-distance dependencies between linguistic elements required a robust phonological memory system in order to maintain the different items active while other elements were being processed online (Aboitiz et al., [@B6], [@B3]). Imaging studies indicate a participation of Broca's area in working memory processes associated with syntactical processing (Fiebach et al., [@B56], [@B57]), and Friederici ([@B61]) has argued that syntactic working memory involves the superior anterior portion of area 44, while syntactic processing relates to the inferior portion of left area 44. Furthermore, the dorsal pathway for language is involved in the processing of grammatical structures organized in a hierarchical manner, whereas a "middle pathway," similar to the ventral pathway but ending in area 45A, participates in the analysis of simple grammatical structures (Friederici et al., [@B64]; Anwander et al., [@B11]; see also Wilson et al., [@B183]).

In the adult, syntactical processing is probably automatic to a large extent -- especially simple grammatical forms -- and may depend on cortico-striatal circuits involved in procedural memory (Ullman, [@B179]). Along the same line, patients with lesions in the left temporo-parietal cortex that have specific short-term memory deficits for numbers and words, do not display any major impairments in their spontaneous speech, supporting the participation of subcortical components in automatic language processing (Shallice and Warrington, [@B165]; Saffran and Marin, [@B157]). However, the initial acquisition of rules, the processing of complex syntactic forms (Friederici, [@B62]), and the online maintenance of semantic information during linguistic processing, require short-term memory mechanisms that bridge these procedural components with episodic memory networks (Reuland, [@B144]).

Handedness, Gestures, and Mirror Neurons
========================================

Brain asymmetries for language and hand control
-----------------------------------------------

A critical issue in the context of language evolution is the conspicuous left hemispheric specialization for linguistic functions in most people, which is consistent with the evidence of gross-anatomical asymmetries in language-related regions (Ide et al., [@B94]; Josse and Tzourio-Mazoyer, [@B97]). Interestingly, asymmetry for language is correlated with some lateralized capacities like handedness, but not with other asymmetric capacities such as spatial attention (Badzakova-Trajkov et al., [@B18]). Apes tend to be right-handed, and there is evidence suggesting that Neanderthals were predominantly right-handed as well (Lonsdorf and Hopkins, [@B112]; Steele and Uomini, [@B169]). Notably, in chimpanzees, there is a correlation between throwing capacity, communicative ability and, the white-to-gray matter ratio in the homolog of Broca's area (Hopkins et al., [@B91]).

Thus, handedness, throwing ability, and rhythmic hammering have been related to language origins, which is in line with the mirror neuron hypothesis (see below; Calvin, [@B38]; Corballis, [@B45]). Along this line, several authors have made emphasis on gestural and manual communication as a first step in the acquisition of language (Hewes, [@B86]; Corballis, [@B43]; Armstrong et al., [@B14]; Kendon, [@B103]). More specifically, Corballis ([@B43], [@B44]) originally proposed that generativity, a key syntactic operation, was initially present in a system of manual gestures, but switched to a predominantly vocal system in modern humans. Corballis included evidences from different fields of comparative cognition and the mirror neuron literature in his hypotheses, which strictly imply a stage of predominantly manual communication before vocal language took over (Corballis, [@B44], [@B45], [@B47]).

A more general, but not alternative, interpretation of hemispheric dominance for language is that complex sequential motor patterns may be more efficiently programmed in one hemisphere than in two. This fits with comparative evidence of lateralization for song production in songbirds (Bolhuis et al., [@B25]). Other authors have proposed that differences in interhemispheric communication via the corpus callosum may have played a role in the origin or maintenance of human brain lateralization (Ringo et al., [@B146]; Aboitiz et al., [@B9]; Häberling et al., [@B82]).

The discovery of mirror neurons
-------------------------------

While studying the neurophysiology of visuomotor neurons involved in hand-grasping control in the monkey, Di Pellegrino et al. ([@B51]) observed a group of motor neurons, termed "mirror neurons" that also became active when the animal observed meaningful hand movements made by the experimenters or by another animal (see also Rizzolatti and Luppino, [@B149]; Rizzolatti and Craighero, [@B150]). Most mirror neurons were initially observed in the premotor area F5 (Brodmann's area 6v), located in the precentral gyrus and adjacent to the inferior arcuate sulcus (Belmalih et al., [@B20]). Area F5 has been subdivided into areas F5p, F5c, and F5a. Area F5a, which is adjacent to area 44 in the inferior arcuate sulcus (see below) has been proposed to be an integration site for parietal sensory--motor signals with signals from prefrontal and premotor areas (Gerbella et al., [@B76]). Of note, mirroring properties were also observed in face-selective neurons of the lateral aspect of F5, possibly allowing the animal to recognize gestures produced by conspecifics. Many of these responded to feeding behaviors, but some also fired when the animal observed a communicative gesture like a lip smacking (Ferrari et al., [@B55]; Rizzolatti and Craighero, [@B150]). Furthermore, some mirror neurons were found to fire not only in response to an observed action, but to action-related sounds, even in the absence of the visual presentation of the action (Keysers et al., [@B104]).

Mirror neurons have also been described in the rostral inferior parietal area, firing both to the observation of actions and to the execution of these or similar actions (Fogassi et al., [@B59]; Gallese et al., [@B68]). In the STS (which is connected with the inferior parietal region), there are sensory neurons selective for body actions rather than to grasping, although some of them also fire with the observation of goal-directed hand movements (Perrett et al., [@B129]). As seen by fMRI in the monkey, observation of grasping actions produces activations in inferior frontal areas F5, 45B, 45A, and 46; and on parietal areas PFG and AIP, plus the STS (Nelissen et al., [@B124], [@B123]). These authors suggest that there are two pathways involved in the observation of actions, one running from the upper STS, relaying in area PFG, and projecting to the premotor area F5c which processes the agent's intentions (a context-dependent representation of the action); and the other, that originates in the lower STS, projects to area F5a/p via AIP and is more focused on the object (Figure [2](#F2){ref-type="fig"}; see also Luppino et al., [@B114]). They also describe connections of the STS and the lateral intraparietal area with area 45B. In the monkey, area PF was found to project strongly to F5a, F5c, and F5p; area PFG directed its axons to area F5a and F5p, while area PG was mainly directed to area F5p (Matelli et al., [@B118]; Gerbella et al., [@B76]). In other words, area F5a receives a robust input from areas PFG and AIP, a weaker input from PF, and practically no input from area PG (Gerbella et al., [@B76]). In addition, AIP projects to premotor area F5 (representing mostly the hand and mouth), while the ventral intraparietal sulcus is connected with the more dorsal premotor area F4 (representing the arm, neck, and face; Luppino et al., [@B114]). Note that this pattern is different from that described in the macaque by Petrides and Pandya ([@B136]), who emphasize inferior parietal projections into the more anterior VLPFC.

![**(A)** Diagram depicting the location of the inferior arcuate sulcus (IAS), the intraparietal sulcus and inferior parietal lobe (IPS and IPS/IPL), and the superior temporal sulcus (STS) in the macaque brain. **(B)** Pathways involved in action understanding, according to Nelissen et al. ([@B123]). In red, an intention-processing pathway connecting the upper (STS) with area PFG and mainly frontal area F5c; and in blue, an object-related pathway connecting the lower STS with area AIP and areas F5p and F5a. There are also connections to area 45B from area lateral intraparietal area a (LIPa) and the anterior STS (green). No projections are shown here from areas PFG and PF, but related studies have described projections from area PFG into F5a and F5p; and from PG to F5p (Gerbella et al., [@B76]). Modified from Nelissen et al. ([@B123]), with permission.](fnevo-04-00002-g002){#F2}

A mirror system in humans?
--------------------------

For obvious reasons, mirror neurons have been difficult to report in humans (Rizzolatti and Craighero, [@B150]). Nonetheless, there is a wealth of stimulation, electroencephalographic, and imaging data that is consistent with the notion that a mirror neuron system, i.e., a network involved in action recognition, imitation, and empathic behavior, is present in the human (Rizzolatti and Craighero, [@B150]; Iacoboni and D'Apretto, [@B92]). However, there is discussion about whether this activity reflects or not the activity of mirror neurons as described in the monkey, and whether the human mirror neuron system does actually participate in language processing (Molenberghs et al., [@B121]; de Zubicaray et al., [@B49]). Below I will address some of the main findings of this research program, which nonetheless bears relevance to the issue of language and gesture interaction.

Unlike the monkey, humans show mirror-system activity with the observation of meaningless, not object-directed movements, and with pantomimes, which may be attributed to communication skills (Fadiga et al., [@B54]; Buccino et al., [@B29]; Maeda et al., [@B116]; Grèzes et al., [@B80]). In humans, the localization of mirror system activity encompasses a wide bilateral cortical network, including parietotemporal visual regions, the rostral inferior parietal lobe, and the inferior precentral and frontal gyri (Iacoboni and D'Apretto, [@B92]). More recent proposals also emphasize the participation of a ventral pathway running via the anterior temporal lobe, as an additional component involved in planning, decision making (Arbib, [@B13]), and in the prediction of the intentions and the goals of actions (Kilner, [@B105]).

In humans, the mirror system has been interpreted as participating in action understanding, which is critical for inferring another's intentions in a social context (Rizzolatti and Craighero, [@B150]). There are many studies that have reported an activation in Broca's region during real and imagined hand movements (Binkofski et al., [@B23]; Iacoboni et al., [@B93]; Gerardin et al., [@B73]). Furthermore, activation of area 44 with object-related mouth movements and imitation of vocal gestures has been reported in several studies (Di Pellegrino et al., [@B51]; Buccino et al., [@B29]). In addition, the pars triangularis, corresponding to area 45, displays mirror activity with the observation of behavioral goals rather than with the action itself (Johnson Frey et al., [@B96]). Finally, the mirror system has been shown to be involved in imitation tasks (Iacoboni and D'Apretto, [@B92]). During a finger imitation task in humans, Iacoboni et al. ([@B93]) found a specific activation of the left pars opercularis (area 44), while in a task requiring the learning of a motor sequence, the activated areas included the pars opercularis, ventral premotor area, and the STS (Buccino et al., [@B30]; Vogt et al., [@B181]).

Mirror Neurons and Language Circuits
====================================

Mirror neurons as a requirement for language
--------------------------------------------

On the basis of these and other findings, Rizzolatti and Arbib ([@B147]) and Arbib ([@B12]) proposed the bold hypothesis that the neural circuits involved in language processing evolved as an elaboration of the mirror neuron circuitry present in monkeys, which provided a scaffolding for the elaboration of a more complex, phonological network involved in communication and eventually, in speech. Furthermore, and as we originally claimed (Aboitiz and García, [@B4]), imitation is a key element in learned communication, and mirror neurons provide an adequate neural substrate for its implementation (even if monkeys are not good imitators). More specifically, Arbib ([@B12]) proposed a sequence of events starting with an imitation system for grasping, which developed into a complex gestural communication system in which pantomime came to be used as a conventionalized reference system. Afterward, a "protosign" stage that used hand symbols would have occurred that eventually incorporated vocal sounds, or "protospeech." Likewise, words resembling or suggesting ingestive behavior were proposed to be particularly important for the origin of a primitive semantics (Ferrari et al., [@B55]; Rizzolatti and Craighero, [@B150]). More recently, Arbib ([@B13]) proposed that the ventral pathway for actions may have been particularly relevant for the acquisition of a primitive semantics, as this may have evolved to support words-as-phonological-actions, with semantics provided by the linkage to neural systems supporting perceptual and motor schemas. This view is consistent with the current understanding of the ventral pathway as being involved in the transformation of sound into meaning (Buchsbaum et al., [@B33]).

Where is the monkey homolog of broca's area?
--------------------------------------------

Initially, proposers of the mirror neuron hypothesis identified area F5 as the most likely homolog of the human Broca's area (Rizzolatti and Craighero, [@B150]). More recently, Gerbella et al. ([@B74], [@B75]) confirmed Petrides and Pandya's ([@B135], [@B136]) descriptions of the monkey VLPFC, but emphasized connectivity of area 45A and 45B with oculomotor regions. They found only weak connections between area 45A and the inferior parietal areas PFG and PG, and between area 45B and the lateral intraparietal area. Thus, area 45A might be associated with eye movement control during communication, while area 45B would instead belong to the monkey pre-arcuate region, involved with other oculomotor processes. Instead, Petrides and Pandya ([@B136]) assert that the presumed part of area 45 that has been linked to oculomotor function, cytoarchitectonically corresponds to the caudal oculomotor area 8. Gerbella et al. ([@B74], [@B75]) also confirmed the existence of area 44 in the monkey, and considered it as an anterior subdivision of area F5 (or area 6v), adjacent to area F5a (Belmalih et al., [@B20]; Figure [3](#F3){ref-type="fig"}). According to these authors, in their original description Petrides and Pandya ([@B135]) described area 44 with a more posterior extension, overlapping with the anterior premotor area (F5), but they subsequently restricted the limits of this area to the actual fundus of the inferior arcuate sulcus (Petrides et al., [@B131]). This points to the concept of area 44 as a specialization of the ventral premotor area.

![**Parcellation of the inferior arcuate sulcus (IAS) of the monkey according to (A) Petrides et al. ([@B131]), and (B) Belmalih et al. ([@B20])**. In both cases, area 44 is shown in the depth of the sulcus, bordered anteriorly by area 45, and posteriorly by the premotor area (6v or F5a depending on the nomenclature). IAS, inferior arcuate sulcus; IPS/IPL, intraparietal sulcus and inferior parietal lobe, respectively; STS, superior temporal sulcus. From Belmalih et al. ([@B20]), with permission.](fnevo-04-00002-g003){#F3}

Discussion
==========

Much of the disagreement between scholars invoking auditory--vocal vs. hand-based ancestral circuits for language can be separated into two main issues: one concerns the correspondence in primates of the language-related circuits in humans, which focuses on identifying the cortical area ancestral to Broca's region in the monkey; and the other refers to the possibility that a specific hand-gestural communication system preceded the advent of speech, and on the likelihood that a hand-based mirror neuron system represents a critical scaffolding for the subsequent evolution of language.

Homology issues
---------------

The unequivocal identification of areas 44 and 45 in the macaque, in the chimpanzee, and in the human, with practically identical topographies and cytoarchitectonic features suggests that those areas are most likely homologous to each other, deriving from the same germinal field in the embryonic telencephalon. On the other hand, classical grasping or mouth mirror neurons have been located in the premotor area F5 (area 6 ventralis), near the border with area 44, in which there is yet no evidence of mirror neurons. However, it would be interesting to revisit the location of orofacial mirror neurons according to this cytoarchitectonic scheme (Ferrari et al., [@B55]), as in the monkey, stimulation of area 44 has been shown to elicit oral movements, either during communication or in feeding (Petrides et al., [@B131]).

Area 45 (and the adjacent area 12) fits the prefrontal auditory domain, receiving multimodal projections from the mid- and anterior-temporal lobe (Romanski, [@B152]; Petrides and Pandya, [@B136]; Gerbella et al., [@B75]). While Petrides and Pandya ([@B136]) claim that this area participates in memory (semantic) retrieval processes, Belmalih et al. ([@B20]) argue for a role in communication-directed eye movements, especially area 45B (see also Leichnetz, [@B108]). Although these discrepancies need to be resolved, it may safely be stated that the multimodal arrangement of area 45 corresponds to an auditory--motor interface that may be the evolutionary precursor of a speech-specialized region.

Is the arcuate fasciculus there?
--------------------------------

In the human left hemisphere, Glasser and Rilling ([@B78]) described a tract connecting the superior temporal gyrus with areas 6 and 44 (involved in phonological processing), and a more robust one connecting more inferior temporal areas with areas 44, 45, and 9 (involved in semantic and lexical aspects). Frey et al. ([@B60]) in the human, and Petrides and Pandya ([@B136]) in the monkey, identified an arcuate fasciculus originating in the STS or in the inferior most parietal lobe, directed to the VLPFC and dorsal prefrontal areas. In the monkey, Yeterian et al. ([@B184]) have recently made a claim for the existence of a direct projection between area Tpt in the superior temporal lobe and areas 44, 45, and dorsal prefrontal areas via the arcuate fasciculus. Furthermore, recent studies of verbal working memory point to the superior temporal gyrus (area Spt) as a key element involved in phonological sensorimotor integration (Buchsbaum and D'Esposito, [@B32]), which may perhaps contribute fibers to the arcuate fasciculus. Thus, the arcuate fasciculus is possibly an element involved in auditory--vocal coordination and articulatory control, and might be involved in working memory processes by maintaining the functional connectivity between sensory and motor regions while holding items online. Nonetheless, tractographic studies to date are still insufficient to determine to what extent this is a monosynaptic pathway, different from the SLF, connecting posterior temporal and VLPFC regions. In the monkey, chemical tracing studies suggest that if it is present, it is rather small (Petrides and Pandya, [@B136]).

The inferior parietal connection
--------------------------------

According to several studies in monkeys, areas 45 and 44 receive strong or moderate afferences from the inferior parietal lobe (Mesulam et al., [@B120]; Petrides and Pandya, [@B132], [@B134], [@B135], [@B136]; Cavada and Goldman-Rakic, [@B42]; Preuss and Goldman-Rakic, [@B142]; Leichnetz, [@B108]). However, in other studies only minor inferior parietal and intraparietal projections were described into areas 45A and 45B, respectively (Belmalih et al., [@B20]; Gerbella et al., [@B75]). More posteriorly, the premotor area 6v (or F5, where mirror neurons have been detected) receives strong projections from inferior parietal and intraparietal areas (Petrides and Pandya, [@B136]; Gerbella et al., [@B76]; Gharbawie et al., [@B77]). In humans, an inferoparietal projection to areas 44 and 45 has been described in several tractography studies (Catani and ffytche, [@B41]; Parker et al., [@B126]; Friederici et al., [@B64]; Anwander et al., [@B11]; Frey et al., [@B60]; Friederici, [@B63]; but see Bernal and Altman, [@B21]). Additional and more extensive connectivity studies are needed to determine the exact pattern of inferior parietal--prefrontal projections in the monkey and in the human.

An additional pathway involved in this circuit consists of a projection via the MLF to the inferior parietal lobe and intraparietal sulcus, which originates in the superior temporal lobe and STS. For some authors, this projection carries auditory information (Keysers et al., [@B104]; Frey et al., [@B60]; Petrides and Pandya, [@B136]), whereas others consider it as conveying body and arm positional information (Luppino et al., [@B114]; Nelissen et al., [@B123]). Both interpretations are not necessarily exclusive, as this projection likely transmits a multimodal input to the inferior parietal lobe.

A participation of inferior parietal regions in language circuits has been acknowledged by several researchers, although the precise role of these areas has yet to be resolved (Buchsbaum and D'Esposito, [@B32]; see above). Some authors have proposed a relation to phonological processing (Moser et al., [@B122]; Hartwigsen et al., [@B85]; Turkeltaub and Coslett, [@B178]), while others propose a role restricted to the sensorimotor control of writing (Brownsett and Wise, [@B28]). According to some authors, the inferior parietal lobe participates at an interface between speech audition and the articulatory code (Hickok, [@B87]; Moser et al., [@B122]). As mentioned above, one possibility is that these circuits maintain the stability of phonological sensorimotor circuits by codifying motor plans that contribute to maintain a behavioral goal during a working memory task. Along this line, the inferior parietal cortex of primates, and its projections into the frontal cortex, codify a diversity of orienting and object-directed behaviors, and have been proposed to participate in the selection of appropriate actions among competing circuits (Gharbawie et al., [@B77]; Kaas et al., [@B99]). At some point in hominid evolution, these projections may have come to receive an increasingly stronger auditory input (especially phonological information from the STS), via the MLF, recruiting regions that were involved in face and especially mouth control to process vocalization information, and to perform action selection based on auditory input. It is very likely that this transition was concomitant with the elaboration of the direct cortical control over the hypoglossal motoneurons involved in vocalization (Jürgens and Alipour, [@B98]), thus closing a sensorimotor pathway from the acoustic system to the phonatory effectors. The recent finding of neurons controlling voluntary vocalizations in the ventral premotor cortex of the macaque is of great interest in this context, as it indicates that this rudimentary circuit was present at very early stages, possibly overlapping with other voluntary control systems (Coudé et al., [@B48]).

Finally in this section, the ventral pathway from the anterior temporal lobe to the anterior VLPFC (areas 45 and 47/12) has apparently suffered less structural changes in the lineage leading to humans (Rilling et al., [@B145]), which is consistent with our early hypothesis that in monkeys the ventral pathway is the dominant circuit involved in auditory--vocal integration (Aboitiz et al., [@B6]). Nonetheless, in the human this pathway has been proposed to contribute to the processing of semantic, echoic information, and simple grammatical forms (Buchsbaum et al., [@B33]; Anwander et al., [@B11]; Frey et al., [@B60]), indicating that it has suffered important modifications as well. It is also important to note that, despite being organized in several parallel streams, like the visual pathways, language processing operates in an integrated dynamics, in which all these streams converge on the common bottleneck of Broca's area, and very likely there is cross-pathway communication along the different functional routes (Rolheiser et al., [@B151]).

A multimodal communication system
---------------------------------

As discussed above, there is a confluence of facial gesture and vocalization information in the VLPFC of the monkey, mostly carried by the ventral visual and auditory pathways. Associations between the vocalization-sensitive region described in areas 45 and 47/12 (Romanski, [@B152]), the facial gesture-coding area 44 (Petrides et al., [@B131]), and the hand and body representations in the premotor area F5 are supported by neuroanatomy and make it plausible to visualize an integrated processing of hand and face gestures and vocalization patterns. Chimpanzees are able to match vocalizations with gesturing faces (Izumi and Kojima, [@B95]), and the chimpanzee homolog of Broca's area becomes active during both gestural and vocal communicative actions (Taglialatela et al., [@B171]); activation is maximal when gestures are accompanied with vocalizations to call the other's attention (Taglialatela et al., [@B172]). In humans, areas 44, 45, and 47 become activated during the integration of speech with gestures (Willems et al., [@B182]; Gentilucci and Dalla Volta, [@B71]), and there is evidence for activation of hand motor systems during speech (Gentilucci et al., [@B70]; Meister et al., [@B119]). Thus, communication is multimodal both in humans and monkeys, and makes use of overlapping circuits in both species (Aboitiz and García, [@B5]). This evidence supports the concept that early steps of language evolution also consisted of multimodal signals, instead of being predominantly hand-based or vocalization-based.

Were gestures or grasping required for the advent of speech?
------------------------------------------------------------

There is abundant evidence for vocalization plasticity in several mammalian species like elephants, bats, seals, and dolphins, not to speak of birds, especially songbirds (Bolhuis et al., [@B25]). More generally, we may argue that body gestural communication is a widespread characteristic of vertebrates, while vocal communication (innate or learned) has become an important communication pathway only in some lineages. Learned vocalizations are present in even fewer species, coexisting with hand or grasping abilities only in humans, whereas most other vocal learners lack this capacity. Interestingly, cerebral dominance for vocalizations has been reported in many species, both vocal learners and non-vocal learners (Corballis, [@B45]). Thus, at least in mammals there seems to be no phylogenetic association between grasping abilities and the capacity for vocal learning or imitation. Birds have grasping feet, but it is not known if this ability involves a mirror neuron system, or if its neural representation matches the neural substrate for vocalizations. More likely, imitation tends to be more conspicuous in animals that have developed vocal learning, suggesting that the latter is more closely associated with the acquisition of imitative capacities. Along this line, a vocalization mirror neuron system has been proposed to exist in songbirds, but this possibility and the relation of this putative circuit with a grasping mirror system have yet to be proved (Bonini and Ferrari, [@B26]).

The grasping mirror neuron network is an ancient characteristic of the primate brain, and therefore cannot by itself account for the origin of vocal language. Among other capacities, an emerging language may have needed shared intentionality, mirror neuron properties, and the capacity to understand actions (Premack, [@B138]; Tomasello et al., [@B176]; Corballis, [@B47]). However, the mirror neuron-gestural perspective does not provide any clue as to how or why speech emerged and became the dominant communication channel. More likely, the key event was the reinforcement of a primitive auditory--vocal sensorimotor circuitry, which, as it expanded, probably took advantage of circuits previously involved in other motor functions, recruiting them for vocal control mechanisms.

Tool use, gestures, and a primitive semantics
---------------------------------------------

From the mirror neuron perspective, gestures have been proposed to be crucial for the acquisition of a primitive semantics (Arbib, [@B12]). In this process, grasping ability and voluntary hand control may have been important elements to facilitate shared attention, and possibly led to the appearance of pointing behavior, which is critical for making reference to the world (Call, [@B37]). From pointing, other meaningful hand gestures may have evolved, especially in the context of a primitive tool-making and tool-using technology in which the emulation of tool use may have conveyed a ritualized semantics.

There is an extensive literature on tool manufacturing and use in modern humans, early hominids, and non-human primates (Greenfield, [@B79]; Boesch, [@B24]; Call and Tomasello, [@B36]; Ambrose, [@B10]; Liebal and Call, [@B110]; Macellini et al., [@B115]). Observation of tool use produces activation of a sector in the inferior parietal lobe in humans but not in tool-trained monkeys (Peeters et al., [@B128]). However, the pattern of brain activation during tool use depends on the tool being used. Comparing two different Paleolithic stone tool tasks, one early (Oldowan), and the other from a later period (Acheulean), Stout and Chaminade ([@B170]) reported that both tasks activated the inferior parietal cortex and the ventral premotor cortex, but only the Acheulean task produced activation of the right inferior frontal gyrus (area 45). These authors and others further propose that tool use and manufacture are hierarchically organized and can be described in a nested syntax, comparable to the recursive syntax of language (Stout and Chaminade, [@B170]). However, and consistent with the present perspective, they indicate that parsing of behavioral sequences during tool manufacture or use may have provided a bridge between instrumental actions and vocal syntax without the need to invoke a separate communicative gestural stage.

Communicative gestures are derived from non-communicative actions like throwing, grasping or tool use, through a process called ontogenetic ritualization, which may become assimilated during phylogeny (Pika et al., [@B137]). Orangutans and gorillas have been shown to perform specific gestures that imply distinct meanings, being used intentionally and in a frame of contextual flexibility (Genty et al., [@B72]; Cartmill and Byrne, [@B40]). There is also evidence that apes usually incorporate objects in their gestures, and that this correlates with the species' use of tools in the wild (Call and Tomasello, [@B36]; Liebal and Call, [@B110]). Pantomimes are gestures resembling the actions they represent but are not effective in performing the action. Whereas in non-human primates these pantomimes are simple representations of actions lacking abstraction, in humans they involve an abstract content, accompany symbolic communication, and may support the signer's capacity for problem solving (Cartmill et al., [@B39]).

The fact that apes can be taught sign language but are unable to master learned vocalizations has been proposed as supporting a gestural origin for human language (Corballis, [@B45]). Nevertheless, there is a difference between ontogenetic plasticity and capacity for evolutionary change. A rapid selective trend toward increasing vocal plasticity and vocal control is perfectly possible, and is compatible with the evidence of vocal learning in other mammals and in songbirds (Bolhuis et al., [@B25]).

However, in this scenario there is little insight into how the transition from gestural references to vocal references could be made. In my view, a gestural pantomime may have been accompanied by the use of sounds imitating the referred object; this simultaneity of gesture and vocalization is likely to have been crucial for the establishment of meaning in vocal behavior (see Taglialatela et al., [@B172]). Furthermore, increasing vocal plasticity may have facilitated vocal imitation of physical or animal sounds, rapidly taking over most symbolic contents. To what extent this primitive semantics was gesture-based or vocalization-based will probably never be known, but it is likely that there were several ways to convey meaning, and more importantly, individuals used whatever means they had available, be they gestures, signs, or other signals, to call attention to relevant events under different circumstances.

Mirror neurons and working memory
---------------------------------

Recently, there has been an important debate as to whether motor functions are essential or not for speech processing, which impinges into the mirror neuron -- vocal learning debate. A current interpretation is that the motor system modulates, but does not obligate speech perception (Hickok et al., [@B88],[@B89]). However, this modulation may be what is needed to have a better learning capacity, as children with a stronger verbal working memory end up with a larger vocabulary some years later (Baddeley, [@B16]). In other words, although it may not be necessary for phonological processing, inner speech may protect a perceptual memory trace from interfering processes, helping its maintenance for a longer time (Baddeley, [@B16]; Marvel and Desmond, [@B117]).

Furthermore, mirror neurons may eventually prove to be involved in verbal working memory mechanisms. An important component of working memory capacity depends on the close integration between sensory and motor systems, in which audio--vocal mirror neurons may participate, as is perhaps the case in song-learning birds (Bolhuis et al., [@B25]; Bonini and Ferrari, [@B26]). The case of conduction aphasia, involving not only a disruption of the white matter as originally considered, but also lesions in the surrounding cortical areas, is characterized by a dysfunction in short-term memory and in imitative capacities (Trortais, [@B177]; Buchsbaum et al., [@B31]; Song et al., [@B168]), which stresses the relation between imitation, sensorimotor integration, and short-term memory. Again, a commonly involved cortical area in conduction aphasia is the posterior planum temporale, i.e., area Spt (Buchsbaum et al., [@B31]).

Speech, birdsong, and mirror neurons: Deep homology?
----------------------------------------------------

Finally, some words on studies of vocal learning in songbirds may be worth mentioning here. This has become a rich scientific program in which very different processes, including adult neurogenesis, neural plasticity, gene expression patterns, and even syntactical learning have been addressed (Bolhuis et al., [@B25]; Abe and Watanabe, [@B1]; Berwick et al., [@B22]), confirming Darwin's original speculation of a parallel between speech and birdsong. Moreover, in songbirds, the vocal learning circuit has a similar (but not homologous) architecture as the language circuits, involving cortico-basal ganglia--thalamic circuits (Bolhuis et al., [@B25]).

In the present context, it may be relevant to mention the recent proposal of a "deep homology" (homology at the gene level) between vocal learning mechanisms in songbirds and humans, based on the participation of the gene FOXP2 in this process (especially in circuits involving the basal ganglia; Scharff and Petri, [@B160]). FOXP2 is a gene whose mutation causes an inherited verbal dyspraxia in humans, and was initially proposed to be a sort of master-language gene. However, the interpretations of the behavioral phenotype of the affected members are a matter of debate, some proposing that it relates to an inability to denote tense, gender, and other grammatical functions; others view this condition as a phonological articulatory disorder, and still others argue that it affects all levels of language processing (Varga-Khadem et al., [@B180]). Despite these disagreements, there is evidence that FOXP2 has been a target of selection in the human lineage; it differs from the chimp homolog in two point mutations (Enard et al., [@B53]; Zhang et al., [@B185]; Teramitsu et al., [@B173]; Krause et al., [@B106]) and is a common transcriptional target of genes displaying accelerated evolution in humans (Lambert et al., [@B107]). This gene also displays accelerated evolution in echolocating bats, another vocal learning group (Li et al., [@B109]). Interestingly, in songbirds, FOXP2 expression is modulated during song learning (Haesler et al., [@B84]; Teramitsu et al., [@B174]), and its transcript is required for appropriate song learning (Haesler et al., [@B83]). Furthermore, diminishing FOXP2 expression produces a decrease in dendritic spine density in the basal ganglia song area of the zebra finch (Schulz et al., [@B162]). However, deficiency of this gene affects the intensity but not the structure of innate vocalizations in mouse pups (Gaub et al., [@B69]; Fischer and Hammerschmidt, [@B58]). Furthermore, mutations of FOXP2 produce generalized deficits in synaptic plasticity and motor learning in mice (Groszer et al., [@B81]). In light of this evidence, FOXP2, rather than a specific language master gene, is now considered to be involved in more general aspects of sensorimotor learning, and may be of particular relevance for the acquisition of complex, learned motor patterns which include birdsong and speech (Varga-Khadem et al., [@B180]). If this were the case, any FOXP2-dependent process of sensory-guided learning would represent deep homology with the language and the birdsong circuits.

A few years ago, Corballis ([@B46]) suggested a possible link between FOXP2 and the mirror neuron system, based on evidence indicating underactivity in Broca's area in subjects bearing a mutation of this gene (Liégeois et al., [@B111]; see also Bosman et al., [@B27]). It is not yet known whether FOXP2 is specifically expressed in hand-grasping processes in non-human primates. If it were, this evidence would be consistent with the above interpretation, namely that FOXP2 underlies a variety of sensorimotor learning processes, including hand-grasping, speech, and birdsong.

Concluding Remarks
==================

This review mostly uses information on neural connectivity to establish the phylogenetic continuity of neural circuits involved in speech processing. For reasons of space, other aspects like the comparative microanatomy, cross-species volumetric analyses, and the details of behavioral studies have been discussed only briefly.

Summarizing all the information presented, and considering the several discrepancies in some specific issues, I will take the opportunity to make some concluding remarks. First, the cytoarchitectonic homologs to human areas 44 and 45 are the homonymous areas in the monkey. In the latter, area 44 represents an orofacial specialization of the ventral premotor area 6v (F5), receiving inputs from area 45, which conveys facial and auditory information from the anterior temporal lobe. An arcuate fasciculus may be present in the monkey, but it is probably not a robust tract. Inferior parietal areas send projections to the ventral premotor areas and possibly to area 44 of the monkey. There are discrepancies as to the inferoparietal projection to area 45.

It is likely that the dorsal auditory--vocal pathway via the arcuate fasciculus/SLF did not arise out of nothing, and that a rudimentary auditory pathway to the VLPFC strengthened gradually from monkey to chimpanzee to human. In the chimp, these projections may only have a weak participation in vocalization, but in hominids, neighboring inferior parietal areas were recruited to participate in the planning of motor processes involving vocal articulation, using auditory projections carried by the MLF. The ventral pathway became adapted to transmit echoic and semantic information into the anterior Broca's area.

As is possibly the case in songbirds, it is likely that mirror neurons were included in the nascent phonological loop of early humans, an auditory--vocal sensorimotor pathway with sufficient plasticity and memory capacity to learn complex vocal utterances by imitation. Across species, imitative capacity appears to be associated more with vocal learning than with grasping ability. Nonetheless, it is possible that gestures and vocalizations were both initially used to generate shared attention, which may be a requisite for a primitive semantics. The simultaneity of gestures and vocalizations was likely an important element to transmit stronger messages, and as vocalizations became increasingly sophisticated, they became dominant over gestures.

Thus, human communication is, and has always been, multimodal and opportunistic, using whatever means are available to transmit the intended meaning. Indeed our species is characterized by the urge to communicate things (Tomasello et al., [@B176]). We have developed a specialized neural device, the phonological loop that, together with other cognitive specializations, has propelled our communication capacities far beyond those of other animals. Whenever speech is incapable of transmitting information, we literally use the most handy channel at our disposal. That is why, besides sign language, we have developed writing, which is now being transformed into key-pressing, and may eventually become a fully digitalized system for which we may need minimal motor skills.
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